Abstract Mammalian cells depend on phospholipid (PL) and fatty acid (FA) transport to maintain membrane structure and organization, and to fuel and regulate cellular functions. In mammary glands of lactating animals, copious milk secretion, including large quantities of lipid in some species, requires adaptation and integration of PL and FA synthesis and transport processes to meet secretion demands. At present few details exist about how these processes are regulated within the mammary gland. However, recent advances in our understanding of the structural and molecular biology of membrane systems and cellular lipid trafficking provide insights into the mechanisms underlying the regulation and integration of PL and FA transport processes the lactating mammary gland. This review discusses the PL and FA transport processes required to maintain the structural integrity and organization of the mammary gland and support its secretory functions within the context of current molecular and cellular models of their regulation.
Introduction
Lipids, including phospholipids, sphingolipids, glycerol lipids, fatty acids, and cholesterol, are continuously transported within cells for renewal and biogenesis of membrane systems, for organelle function, for macromolecule trafficking, and for energy homeostasis [1, 2] . The processes mediating these transport functions are genetically and mechanistically diverse, and tailored by evolution to match a cell's physiological roles [3, 4] . Within glandular systems, there are additional requirements for directionally organized lipid transport to maintain the cells apical-basal polarity and to achieve their secretory functions [5] .
In the mammary gland, copious milk secretion requires efficient phospholipid transport for synthesis, packaging, and apical movement of milk cargo. In addition, the marked expansion of the endoplasmic reticulum (ER) and Golgi associated with secretory differentiation of milk secreting cells [6] [7] [8] depends on stimulation of phospholipid synthesis and transport [9] . The relatively large amount of lipid that is secreted by most mammals during lactation, and the novel membrane envelopment mechanism by which milk lipids are secreted [10, 11] , further increase demands on lipid synthesis and transport processes in milk secreting cells above that of other types of secretory cells.
Multiple routes have been identified in polarized epithelial cells, including milk secreting cells of the mammary epithelium, for directed transport of protein, carbohydrate, and lipid cargo from their respective sites of synthesis within the ER, Golgi or mitochondria to apical and basolateral regions of the plasma membrane, and for transferring theses substances within, and among, organelle and endosomal membrane compartments [12, 13] (Fig. 1) . Events within the Golgi have long been recognized to play primary roles in determining cargo trafficking patterns within cells, however recent research has uncovered additional diversity and complexity of cellular transport processes, including the presence of multiple, and intersecting routes, between organelles and cargo destination sites [12] . In particular, significant diversity exists in the mechanisms of phospholipid and sphingolipid transport within cells. Phospholipids and sphingolipids are synthesized by enzymatic reactions on membranes of the ER, Golgi, and mitochondria and undergo transport to other cellular compartments by vesicular, carrier-mediated, and direct transfer processes [14] . In milk secreting cells, the diverse vesicular transport network is thought to play a primary role in transferring newly synthesized phospholipids and sphingolipids between ER and Golgi membranes (pathways 7 and 8, Fig. 1 ), between cis and trans Golgi membranes (pathway 2, Fig. 1 ), and for transporting phospholipids from Golgi membranes to apical and basolateral plasma membranes for membrane renewal (pathways 4 and 5, Fig. 1 ), and to the apical membrane during the process of secreting casein, lactose and other soluble milk substances (pathway 3, Fig. 1 ). However, studies of lipid synthesis and transport mechanisms in the liver and other organs have demonstrated that phospholipid and sphingolipid transport mechanisms depend on the type and physiological functions of the lipid being transported. Although details are lacking, carrier-mediated and direct transfer processes are also expected to contribute to phospholipid transport in the mammary gland. Additional lipid transport pathways used by milk secreting cells include, endosomal transport processes associated with transcytosis and secretion of serum-derived substances into milk (pathways 9 and 10, Fig. 1 ) [13] , and en masse transport of phospholipids, along with triglycerides and cholesterol esters, to the apical plasma membrane in association with milk lipid secretion (pathway 1, Fig. 1 ) [15] .
Phospholipid Transport Phosphatidylcholine (PC), phosphatidylethanolamine (PE), phoshpatidylinositol (PI), phosphatidylserine (PS) and sphingomyelin (SM) are the major phospholipids of eukaryotic membranes, including the mammary gland. However, differences in the relative abundances of individual PL exist within cellular membrane compartments (Table 1) , among tissues, and between membrane bilayer leaflets [16] . Little precise information exists about the membrane distribution, the biosynthesis, or the transport of PL in milk secreting cells. However, mechanisms underlying these functions are being identified in other tissues and cell types that are likely to have applicability to PL transport in milk secreting cells of the mammary gland.
Transport of de novo synthesized phospholipids. The endoplasmic reticulum (ER) is the primary, but not the only site of PL synthesis [16, 17] , and it is now known that PL biosynthesis enzymes found on Golgi, mitochondrial, nuclear, endosomal, and plasma membranes contribute to overall membrane PL homeostasis and sitespecific PL synthesis in eukaryotic cells [16] . In particular, membrane levels of PC, PE and PS, which are metabolically interconvertible [18, 19] , are determined by the activities of enzymes located on membranes of the ER, mitochondria and Golgi, and involve mechanisms for 2) Vesicle trafficking within the Golgi; (3) Secretory vesicle transport from the Golgi to the apical plasma membrane; (4) Vesicle trafficking from the Golgi for apical plasma membrane renewal; (5) Vesicle trafficking from the Golgi for basolateral membrane renewal; (6) Intermembrane PL transport between ER and mitochondria at MAM sites; (7) Vesicle trafficking from the endoplasmic reticulum (ER) to the Golgi; (8) Carrier mediated PL transport from the ER to the Golgi; (9) Endocytosis and vesicle transport of basolatral membrane elements to the CER during transcytosis; (10) Vesicle transport of membrane elements from common endosome recycling compartment (CER) to the Golgi during transcytosis; (11) PL translocation to establish membrane PL asymmetry; (12) Transport of LCFA into the cytoplasm TJ tight junction; SV secretory vesicle; CLD cytoplasmic lipid droplet exchanging or transporting PL among these compartments [14] .
Phosphatidylcholine. PC is synthesized from CDPcholine and diacylglycerol (DAG) by two distinct CDPcholine:1,2-diacylglycerol cholinephosphotransferase enzymes; choline-ethanolamine phosphotransferase (Cept), a bifunctional ER membrane enzyme that catalyzes the synthesis of both PC and PE, and CDP-choline phosphotransferase (Cpt), a Golgi-membrane enzyme that specifically catalyzes the synthesis of PC [18, 20] . PC is also synthesized by methylation of PE, which is catalyzed by phosphatidylethanolamine Nmethyltransferase (Pemt) [21] . Under normal dietary conditions, the CDP-choline pathways are responsible for approximately 70 % of de novo synthesized PC and Pemt is responsible for the remaining PC synthesis. PC synthesis from PE by the Pemt pathway is a multi-compartment process. The PE used in this reaction originates at the inner mitochondrial membranes by decarboxylation of PS, and must be transported to external mitochondrial membranes and then to the ER for PC synthesis [22] ( Fig. 1) . Pemt is expressed in mammary epithelial cells and it has been shown that Pemt activity contributes to PC synthesis [23] . However, observations that Pemt activity levels are low in mammary tissue [24] , and that defects in mammary gland function have not been reported for Pemt knockout mice [21] , suggest that the CDPcholine pathway may also be the primary pathway for PC synthesis in milk secreting cells. Phosphatidylethanolamine. As already stated, PE is synthesized by the CDP-ethanolamine pathway in the ER [17] . PE is also synthesized by decarboxylation of phosphatidylserine (PS) in the mitochondria [25] . Disruption of either pathway is embryonically lethal [26] , documenting the essential role of PE in membrane synthesis and function. PE is rapidly transported from its sites of synthesis on the ER or the mitochondria to other membrane compartments [27] . Observations that PE, newly synthesized in the mitochondria by decarboxylation of PS, was transported to the ER for PC synthesis more rapidly the existing PE demonstrated the presence of at least two types of PE transport mechanisms between the mitochondrial and ER membranes [28] . Reconstitution experiments, demonstrating that the rapid PE transport process required only mitochondrial and ER membranes and was independent of cytosoloic proteins and ATP, provided evidence that rapid PE transport involved formation of direct membrane connections between mitochondrial and ER membranes at specialized ER domains referred to as mitochondrial associated membranes (MAM) (pathway 6, Fig. 1 ) [28] . PE transportation from its sites of synthesis in the ER or the mitochondria to the plasma membrane is also insensitive to ATP depletion and cytoskeletal disruption, suggesting that non-vesicular mechanisms also contribute the PE transport to nonmitochondrial compartments [29] . Phosphatidylserine. Synthesis of PS occurs primarily in the ER by base-exchange reactions catalyzed by phosphatidylserine synthase 1 and 2 (Pss1, Pss2) that respectively exchange the choline and ethanolamine head groups of PC and PE with serine [19] . Like other phospholipids, PS is uniformly distributed between inner and outer membrane leaflets of the ER [16] . Pss1 and Pss2 localize to contact sites between the ER and the mitochondria [30] and nascent PS is transported from the ER to the mitochondria during periods of transient connections of ER and mitochondrial membranes [28] . Phosphatidylinositol. PI biosynthesis is catalyzed by phosphatidylinositol synthase (Pis) on the cytoplasmic face of ER membranes [31, 32] . It was thought that PI was rapidly transported from its site of synthesis on the ER to other membrane compartments by PI transfer proteins [33] , however more recent studies have identified a highly mobile ER-derived membrane compartment that makes contacts with other membranes as the source of PI [16] b From Bartz et al. [92] c From Contarini and Povolo [93] synthesis and the mechanism by which it undergoes intermembrane transport [34] . Sphingolipids (SL). Sphingolipid synthesis is a twocompartment process. ER membrane enzymes catalyze the synthesis of ceramide, a lipid amide. Ceramide is then transported to the Golgi by vesicular trafficking (pathway 7, Fig. 1 ), or by the ceramide transport protein (CERT) (pathway 8, Fig. 1 ) [35] , where it is converted into sphingolipids by enzymes within the Golgi lumen that catalyze transfer of phosphoamine, sugar, or carbohydrate groups to the hydroxyl moiety of ceramide [36] .
Coupled with the absence of significant SL transmembrane transport mechanisms, the luminal location of the SL synthesis enzymes results in specific incorporation of SL into external facing membrane leaflets [16] .
Establishing PL membrane asymmetry. Phospholipids are asymmetrically distributed between leaflets of the Golgi, endosomal and plasma membranes [16] . PE, PS and phosphoinositides are enriched on the cytosolic leaflets of these compartments, whereas PC, SM and glycosphingolipids are enriched on their outward facing leaflets [37] . The basis of this asymmetry is related to inherent differences in the abilities of PL to spontaneously cross membrane bilayers; to differences in PL transport and retention mechanisms; and to the presence of transporters that facilitate movement of PL across membrane bilayers. The processes by which PL bilayers asymmetry is established occur downstream of their ER synthesis. The catalytic sites of the major PL biosynthesis enzymes are located on the cytosolic face of the ER [16, 38, 39] . Newly synthesized PL are inserted into the cytosolic facing leaflet of the ER membrane initially, and undergo transbilayer equilibration with half-times of approximately 20 min [27] through the actions of ER membrane associated proteins with PL flippase activity [14, 40] . Transport of newly synthesized PL from the ER to other membrane compartments occurs at variable rates, which may account for initial PL asymmetry differences in some compartments. For instance, PC and PE are transported from the ER to the plasma membrane with a half-times of 1 min or less [41] , whereas PC undergoes transport to the mitochondria with a half-time of approximately 5 min, while PE is transported from the ER to the mitochondria with half-time of 2 h [27] . For SM and glycosphingolipids, their membrane asymmetry results from their synthesis on the luminal facing leaflet of the Golgi membrane and the absence of significant transmembrane transport [16] .
PL translocase activities. Although differences in sites of synthesis and rates of transbilayer and transmembrane transport of newly synthesized PL may contribute to membrane asymmetry, energy-dependent transport proteins appear to underlie much of the PL transbilayer asymmetry [42] . Plasma membranes, trans-Golgi membranes and membranes of secretory vesicles have been shown to possess aminophospholipid translocase activities that utilizes ATP hydrolysis to inwardly transport (flip) PE and PS across bilayers to the cytoplasmic leaflet (pathway 11, Fig. 1 ) [43, 44] . Flippase activity is encoded by a large family of Type IV P-type ATPases (P4-ATPases) [42] , and defects in PE or PS transport associated with mutations of P4-ATPase family members have been identified in yeast and mammalian cells [42, 45] . In contrast to inward transport of PE and PS catalyzed by P4-ATPases, members of the ATP-binding cassette (ABC) transporter family catalyze outward transport (flop) of PL, including PC, PS, PE, SM and glycosphingolipids [16, 46] . The ABC transporter family includes multiple drug resistance transporters that catalyze export of a wide range of compounds, including cholesterol, and various xenobiotics [16, 47] . Members of the ABC transporter family have been detected in milk secreting cells of bovine and murine mammary glands [48] and secreted milk fat globules in bovine milk [49] . ABC-transporter dependent efflux of cholesterol has been detected on the apical and basolateral sides of polarized mammary epithelial cells cultured on transwell plates, with significantly greater efflux occurring from the basal membrane side [50] . These observations support the concept that ATP-binding cassettes contribute to the regulation of cholesterol homeostasis in the mammary gland; and along with evidence of the presence of the cholesterol acceptor, ApoA1, in human milk [51] , they suggest that ABC transporters may play a role in transporting cholesterol, and perhaps other lipids, into milk [50] . Nevertheless, specific roles of ABC transporters in regulating membrane transport of PL in mammary epithelial cells have not been identified. Thus, their contributions to controlling PL transbilayer asymmetry in the mammary gland remain to be established.
Intermembrane PL transport. PL transport among membrane compartments is known to occur by vesicular and non-vesicular pathways [27] . Vesicular transport largely follows the canonical pathways used in membrane protein transport between the ER, Golgi and plasma membrane (pathways 2-6, Fig. 1 ) and incorporates elements of the endocytic pathway. In the lactating mammary gland, there is considerable apical membrane trafficking of endocytotic vesicles associated with the transcytosis of serum-derived hormones, proteins, and minerals into milk (pathway 9, Fig. 1 ) [13, 52, 53] . The mechanisms of transcytosis involve a series of complex sorting events in the basolateral early endosome and the common endosome recycling (CER) compartments that intersect with Golgi and secretory vesicle pathways (pathway10) [54] [55] [56] . Consequently, transcytosis provides mechanisms for transferring basolateral membrane phospholipids, which are distinct from apical membrane phospholipids and enriched in PC [5] , to multiple internal membrane compartments as well as to the apical plasma membrane. Because there appears to be minimal apical membrane recycling, or trafficking from the apical membrane to the basolateral membrane during lactation [53] , it seems likely that PL transport by vesicular pathways involves net basolateral to apical membrane flow during active milk secretion. Few details exist about basal-apical vesicular trafficking during lactation, and the contributions of this pathway to PL transfer or exchange mechanisms between membrane compartments of milk secreting cells are unknown. Nevertheless, tracer experiments demonstrated that transcytosis mediates the transport of serum lipoprotein particles into milk, and have provided evidence that this process contributes to phospholipid secretion into the whey fraction of milk [57] .
Despite established mechanisms for vesicular trafficking of PL, longstanding observations that disrupting vesicular trafficking processes does not impair PL lipid transport from the ER to the other membrane compartments [29, 41] , have documented the existence of non-vesicular pathways for inter-membrane PL transport. Exchange of individual PL between membrane compartments, mediated by soluble lipid transfer proteins (LTP) has been demonstrated for PC, PI, sphingomyelin and ceramide [58] in mammalian cells, with CERT being the bestcharacterized transporter [59] [60] [61] [62] . In addition, multiprotein complexes at sites of contact between membrane compartments (e.g. MAM complexes) have been demonstrated to mediate inter-membrane transfer of some PL [14] .
Milk Lipid Secretion The amount of lipid secreted during the course of lactation varies by species, but in general the processes involved in milk lipid production and secretion greatly increase lipid transport requirements. During a 6-month period of lactation the typical woman secretes more than 5 kg of lipid, whereas a 30 g mouse dam secretes about 30 g, or the equivalent of her body weight, of lipid into milk over a 21-day period of lactation [63] . The amounts of lipid secreted, and the novel membrane envelopment mechanism by which milk lipid occurs, combine to substantially increase lipid synthesis and transport demands of milk secreting cells over that of other cell types.
Milk lipid secretion is a specialized apocrine process (pathway 1, Fig. 1 ), in which elements of the apical plasma membrane envelope cytoplasmic lipid droplets (CLD) to produce membrane-bound secreted products referred to as milk fat globules (MFG). CLD in turn are organelle-like structures composed of a core of neutral lipids (predominantly triglycerides) surrounded by a phospholipid (PL) monolayer and selected attached proteins [64, 65] . CLD transport to the apical membrane for secretion is thus an example of an en mass mechanism of neutral and phospholipid trafficking within cells (pathway 1, Fig. 1 ). Few details exist about the specific nature and regulation of the transport processes mediating milk lipid formation and secretion. However, during lactation, efficient mechanisms must exist for transporting fatty acids to sites of neutral lipid and phospholipid synthesis on the endoplasmic reticulum (ER) membrane, for transporting CLD to the apical membrane for secretion, and for transporting of PL to the apical membrane to replace the loss that occurs during milk lipid secretion.
Transport Processes Involved in Milk Lipid Synthesis. In eukaryotic cells, CLD originate from the ER by processes that are still poorly defined and controversial [66, 67] . The enzymes responsible for glycerol lipid synthesis, including TG and cholesterol esters composing the neutral lipid core, are found on ER membranes, and the available evidence indicates that the composition of the PL monolayer surrounding the neutral lipid core of CLD is similar to that of ER membranes ( Table 1 ). The ability of ER to directly incorporate newly synthesized TG into CLD was originally demonstrated in the lactating mouse mammary gland over 50 years ago. Using EM radioautography, Stein and Stein [68] showed that following tail vein injections of radioactive glycerol or oleic acid the labeled molecules initially localize to ER cisternae and then rapidly accumulate in CLD surrounded by ER membranes.
The rapid incorporation of serum-derived oleic acid into the neutral lipid core of CLD demonstrates that efficient mechanisms exist during lactation for transporting long-chain fatty acids (LCFA) from the circulation into milk secreting cells, and then to sites of glycerol lipid synthesis within these cells. Although it has not been determined directly, similar mechanisms presumably mediate fatty acid transport for PL and SL synthesis. Few details exist about specific fatty acid transport process within milk secreting cells, or the relationship of fatty acid transport to milk lipid secretion. However, the identities of physiologically important mechanisms for uptake and intracellular trafficking of long-chain fatty acids have been identified in other mammalian cells. Transcripts of members of gene families encoding fatty acid transport and/or trafficking proteins have also been detected in mammary glands of cattle [69] and mice [70] (http://biogps.org), and the expression levels of selected members of these families have been shown to correlate with increased milk lipid synthesis during lactation [71] .
Fatty acid transport into cells. Long chain fatty acids (16+ carbons) used in the synthesis of milk lipids are obtained from serum triglycerides following hydrolysis by lipoprotein lipase (LPL) activity [72] or from circulating fatty acids bound to albumin [73] . Transport of longchain fatty acids into cells from the vascular system involves transfer from serum carrier proteins, such as albumin, to the external plasma membrane leaflet, transport across the membrane bilayer, and desorption from the internal membrane leaflet. Evidence from artificial and biologic membrane systems has documented protein-independent rapid flip-flop of LCFA across the membrane bilayers [74] . However, under physiological conditions the available evidence indicates that specific transport proteins mediate LCFA transfer into cells (pathway 12, Fig. 1 ) [75] . Multiple protein mediators of LCFA transport into cells have been identified in eukaryotic cells [76] . In mammals, LCFA transport across membranes is mediated, or facilitated, by CD36 (Fatty acid translocase, FAT), and members of the fatty acid transport proteins/solute carrier 27 (FATP/SLC27A) and acyl-coA synthetase (ACSL) families. CD36/FAT. The gene responsible for fatty acid translocation in adipose was identified as being closely related to CD36 by Abumrad [77] . CD36/FAT is as a multifunctional scavenger receptor [78] , and multiple lines of evidence have documented its physiological importance in cardiac and intestinal function [79] . CD36/FAT is also identical to PAS IV, a glycoprotein that is highly enriched on the apical membrane of milk secreting cells in the bovine mammary gland [80] , and on membranes surrounding MFG [81] . Subsequent studies showed that CD36/FAT transcripts are highly expressed in bovine mammary glands and undergo up-regulation in response to lactation [71] . Although mammary glands of nonpregnant, non-lactating female CD36/FAT-null mice exhibit altered morphological features [82] , specific effects of CD36/FAT on fatty acid transport and lactation remain to be determined. FATP and ACSL. FATP/SLC27A and ACSL families are acyl-CoA synthetases that catalyze fatty acid bioactivation through formation of coenzyme-A thioesters [83] . Bioactivation of FA can indirectly influence FA transport due to metabolic trapping of products, and it remains unclear if members of the FATP/SLC27A and ACSL families are true fatty acid transporters [83] . Mammals have 5 ACSL [84] and 6 FATP [85] family members and each family member possess splice variants [84] . Differences in substrate specificities, reaction kinetics, tissue and cellular distributions patterns of individual family members further suggest that member of these families may possess physiologically distinct FA transport functions [83, 84] .
Members of the FATP/SLC27A and ACSL families are expressed in bovine and mouse mammary glands [70, 71] . However transcript levels of individual family members vary widely within each of these species and there is also considerable variability in the relative transcript abundance between the two species. The activities and intracellular localizations of mammary gland FATP/SLC27A and ACSL proteins are unknown and mammary gland defects associated with knockouts of specific members of these families have not been reported. Thus, the physiological importance of members of either family in milk lipid formation or other mammary gland functions remains uncertain.
Transport processes involved in milk lipid secretion. CLD, the immediate precursors of milk lipids, originate from basally located ER and accumulate at the apical membrane prior to being secreted into the lumen (pathway 1, Fig. 1 ) [11] . Observations that CLD accumulate at the apical border of mammary acini only during lactation [6] suggest that transportation and/or docking processes are regulated by the secretory activity of the mammary gland. Evidence linking apical localization of CLD to lipid secretion has been obtained from transgenic models of impaired lactation and from studies of lactating wild type in which milk secretion is inhibited by forced weaning [86, 87] . At present it is unclear whether apical polarization of CLD during lactation reflects activation of apical membrane docking functions, or alterations in CLD trafficking patterns that lead to net movement of these structures in the apical direction, or both. However, in multiple cell types CLD transport has been shown to be rapid, dependent on an intact microtubules network, and require the actions of plus-and minus-directed motor proteins [88, 89] . Although circumstantial evidence suggests that CLD are also transported to the apical membrane for milk lipid secretion on microtubules [10, 65, 90] , there is currently no direct evidence supporting this mechanism.
Summary
The quantities of milk secreted during the course of a normal lactation, the concentration of lipid found in the milk of most species, and the unique mechanism by which milk lipids are secreted, combine to place unique demands on lipid transport processes in milk secreting cells. Despite significant progress in our knowledge of the genes regulated by lactation [91] , our understanding of the pathway machinery for lipid transport and secretion, and how diverse types of lipid transport processes are integrated to meet the demands of lactation remains very limited. Nevertheless, numerous mechanistic advances in how lipids are synthesized, trafficked and metabolized in other cell types provide experimental frameworks for understanding the molecular and physiological details of lipid transport in lactating mammary glands.
